Saccharomyces cerevisiae vacuoles serve as a model for membrane fusion and fission. Yck3, a vacuolar membrane kinase, has been implicated in regulation of vacuole fusion. Recently, we established Env7 as another vacuolar membrane protein kinase with similar but nonredundant function to Yck3. Here, we report that native Env7 localizes to the vacuole independent of Yck3, where as its phosphorylation is YCK3 dependent. We also show that env7Dyck3D double mutant exhibits severely compromised fitness, altered cell size and bud vacuoles, and F-class vacuolar morphology. Our results establish negative genetic interactions between ENV7 and YCK3 and suggest cooperative roles for the two conserved genes in regulation of membrane dynamics. Such genetic buffering supports a critical role for membrane flux in global cell fitness.
Introduction
The vacuole of yeast Saccharomyces cerevisiae is functionally analogous to the mammalian lysosome and is involved in critical cellular processes including biodegradation, receptor downregulation, and stress survival (Bowers & Stevens, 2005; Li & Kane, 2009; Armstrong, 2010) . It also serves as a model organelle for understanding endomembrane fusion/fission as well as organelle inheritance (Decker & Wickner, 2006; Cabrera et al., 2009; Armstrong, 2010) . Yeast vacuoles are a highly dynamic component of the endomembrane system and undergo fusion and fission during cell cycle and in response to intracellular and extracellular signals including osmotic stress and nutrient availability (reviewed in: (Li & Kane, 2009) . Fusion events at the vacuole also allow delivery of vacuolar cargo and hydrolytic enzymes.
A combination of in vivo vacuolar morphology studies and in vitro homotypic vacuole fusion assays has led to dissection of vacuolar fusion into priming, tethering, docking, and fusion steps and has identified many of its components including SNARES, Rabs, and the HOPS (homotypic fusion and vacuole protein sorting) complex (for latest reviews, see Ostrowicz et al., 2008; Brocker et al., 2010; Wickner, 2010; Arlt et al., 2011; Epp et al., 2011) . Vacuolar H + -ATPase (V-ATPase) has also emerged as a critical component in both fusion and fission (Baars et al., 2007) . What remains less defined is how membrane fusion/fission dynamics may be regulated within the cell. Two nonredundant vacuolar membrane protein kinases have been identified that regulate membrane fusion. Yeast casein kinase 3 (Yck3) has been linked to regulation of vacuolar fusion through phosphorylation of Vps41, a subunit of HOPS complex, and the vacuolar SNARE Vam3 (LaGrassa & Ungermann, 2005; Cabrera et al., 2009 Cabrera & Ungermann, 2010) . Most recently, we identified endosome and vacuole interface 7 (Env7) as another vacuolar membrane protein kinase involved in regulation of vacuole fusion/fission dynamics (Manandhar et al., 2013) . Both Env7 and Yck3 are palmitoylated kinases that negatively regulate vacuole fusion during budding and sustained hyperosmotic shock in vivo. Yet, their functions are not redundant as ENV7 is not a suppressor of yck3D and does not phosphorylate the Yck3 substrate Vps41 (Manandhar et al., 2013) . How the kinase activity of Env7 and Yck3 may be regulated or interrelated in fine tuning fusion/fission dynamics is not clear. Here, we report that native Env7 is phosphorylated at the vacuole in YCK3-dependent manner and provides evidence for strong negative genetic interaction(s) between ENV7 and YCK3 based on fitness and morphological phenotypes. Our results suggest that Yck3 and Env7 have a cooperative role in global cellular fitness.
Materials and methods

Materials
Taq DNA polymerase was purchased from New England BioLabs, Inc. (Beverly, MA). Phusion DNA polymerase was purchased from Invitrogen. Oligonucleotides were ordered from Operon (Alameda, CA). Analytical-grade Tris, ATP, bovine alkaline phosphatase, protease inhibitor cocktail, and BSA were purchased from Sigma (St. Louis, MO). FM4-64 and propidium iodide were supplied from Invitrogen. All growth media were supplied from Difco Chemicals (St. Louis, MO).
Antibodies
Polyclonal serum was raised in rabbit against bacterially purified HIS-tagged Env7 (Env7-HIS). Briefly, a PCR product of C-terminally 6xHis-tagged ENV7 was generated, digested with NcoI and HindIII restriction enzymes and inserted into a pET24d(+) expression vector digested with the same enzymes, expressed in E. coli BL21(DE3)(pLysS) with 1 mM isopropyl-D-thiogalactoside (IPTG), and purified using Ni-Sepharose column chromatography according to the standard protocol as described by the company (Novagen). The purified protein was further purified from polyacrylamide gel and sent to ProteinTech Group (Chicago, IL) for raising antibody against Env7 in rabbits by standard procedures. The polyclonal serum was tested against both HA-tagged and native Env7 and confirmed for its sensitivity with titer values, 1 : 100 000 and 1 : 10 000, respectively.
Mouse monoclonal antibody to carboxypeptidase Y (CPY) was purchased from MitoSciences (Eugene, OR). Monoclonal antihexokinase I (HRP conjugate) antibody was purchased from Abcam (Cambridge, MA). Antihemagglutinin epitope (HA) monoclonal antibody was from Cell Signaling Technology (Danvers, MA); anti-ALP monoclonal antibody was purchased from MitoSciences. HRP-conjugated secondary antibodies against mouse and rabbit were purchased from Thermo Scientific (Pittsburgh, PA).
Yeast strains and growth conditions
Yeast strains used in this study were BY4742 wild type (WT, BY4742 (MATa his3D1 leu2D0 lys2D0 MET15 ura3D0), env7D his3Δl; leu2Δ0; lys2Δ0; ura3Δ0;  env7::KanMX4), yck3D his3Δl; leu2Δ0; lys2Δ0; ura3Δ0; yck3D::KanMX4), his3Δl; leu2Δ0; lys2Δ0; ura3Δ0; vps1::KanMX4) , and YPL236C-GFP strain (MATa his3D1 leu2D0 met15D0 ura3D0), which were purchased from Invitrogen. CEN plasmids expressing C-and N-terminally GFP-tagged Env7 from gal-inducible promoter and 2-micron plasmid overexpressing HA-tagged Env7 have been described before (Manandhar et al., 2013) . Cells were routinely grown in YPD (2% peptone, 1% yeast extract and 2% dextrose) or supplemented selective (SM) medium with or without agar at 30°C unless stated otherwise.
Subcellular fractionation
For subcellular localization studies, WT, env7D, and yck3D cells were grown in YPD medium to log phase (OD 600 = 0.8), spheroplasted with 40 units of zymolyase, lysed with 4 lg mL À1 DEAE-dextran, and centrifuged at 400 g to obtain S0.4 fraction. The latter was further centrifuged at 13 000 g for 15 min to obtain P13 and S13 fractions. S13 fraction was then centrifuged for 1 h at 100 000 g to obtain P100 pellet and S100 supernatant fractions. Each fraction was adjusted to its original volume with lysis buffer, and equal volume (100 µL) of P13 and P100 was pelleted and solubilized in 25 µL of 19 SDS-PAGE sample buffer. An equal volume of S100 was TCA precipitated and solubilized in 25 µL of 19 SDS-PAGE sample buffer. Ten microliters of sample was loaded onto 7.5% SDS polyacrylamide gel and analyzed by Western blotting using custom-raised anti-Env7 antibody as primary and anti-rabbit HRP conjugate as secondary antibodies.
Mobility shift assays for in vivo Env7 phosphorylation
Env7 phosphorylation in vivo was assessed based on mobility shift of phosphorylated Env7 in 8% gels following Western blots. P13 fraction of WT cells was incubated with or without phosphatase (100 units) and analyzed by Western blotting as described above. Lower exposure bands were quantified by scanning densitometry using IMAGEJ version 1.46 (NIH) and expressed as percent phosphorylated.
Generation of env7Dyck3D double deletion mutant
The env7Dyck3D double deletion mutant was created by deleting the YCK3 gene in env7D background as shown in Fig. 1a using homologous recombination as described elsewhere (Manandhar et al., 2013) . Auxotrophic marker gene LEU2 including 500 bases of upstream region and 350 bases downstream region was PCR-amplified from pRS315 plasmid using YCK3LEU2-FP: 5′-gat tttccatgttgctacctagcttctgaaaaacttgttgagtag TAGGATAATTA TACTCTATTTCTCAACAAG-3′ and YCK3LEU2-RP: 5′-TCATTCTCAAGTTTGTAATTGTGCATTTTTTTATATATAGTCCCGagattgtactgagagtgcaccatatcgact-3′ as forward and reverse primers, respectively, containing 45 gene-specific homologous bases of upstream and downstream of YCK3 gene to be deleted. The PCR-amplified DNA fragment was gel-purified and transformed directly into env7D yeast strain using lithium acetate method as described earlier (Manandhar et al., 2013) . All transformants selected on SM-LEU plates displayed a severe slow growth phenotype and were confirmed by colony PCR for replacement of YCK3 gene with LEU2 gene.
Growth assays
Yeast strains were streaked onto YPD plates, incubated at 30 and 37°C, and their growth patterns recorded every 24 h for 3 days. For more quantitative growth analyses, cells were grown in YPD liquid medium, adjusted to OD 600 = 1.0, and 10-fold serial dilutions were spotted on selective agar plates as specified. Growth was monitored every 24 h for 3 days at 30°C.
Microscopy
For visualization of endogenously expressed GFP-tagged Env7 (Env7-GFP), WT cells (Invitrogen) were grown in YPD medium to mid-log phase (OD 600 = 0.8) and analyzed by epifluorescence microscope. Overexpressed N-terminally and C-terminally GFP-tagged Env7 (GFPEnv7 and Env7-GFP) were similarly visualized in env7Δ background following 5 h of induction with 0.2% galactose supplemented in SM-URA as previously described (Manandhar et al., 2013) . For visualization of vacuoles, yeast cells were stained with FM4-64 (Invitrogen) as described elsewhere (Vida & Emr, 1995) . Stained cells were analyzed using an epifluorescence microscope. DIC and fluorescence images were captured and processed using ADOBE PHOTOSHOP (version CS5.1). Cell size, budding cells, and vacuolar morphology were quantitated by scoring 100-150 cells per strain in random fields. To evaluate dead cells, logarithmically growing WT or double mutant cells were stained with propidium iodide (1 lg mL À1 ) for 30 min and analyzed by epifluorescence microscope. Heatkilled cells, which served as control, were prepared by incubating at 80°C for 10 min. DIC and red fluorescence images were captured and processed as described above.
CPY secretion assay
To analyze the intracellular and extracellular CPY, cells were grown in liquid YPD medium at 30°C to mid-log phase and diluted to OD 600 = 0.7. Cells were washed once with media, resuspended to original volume, and incubated in shaker incubator at 30°C for 30 min. Cells were harvested and lysed in urea buffer [50 mM Tris (pH 7.5), 5 mM EDTA, 6 M urea, 1% SDS, 1 mM PMSF] by bead beating to prepare whole-cell lysate as source of internal CPY. The cell-free supernatant (YPD medium) was mixed with equal volume of 29 concentrated Roedel solution (0.24 N NaOH, 140 mM b-mercaptoethanol, protease inhibitor cocktails), followed by 13% (v/v) TCA precipitation and cold acetone wash. The latter served as source of external CPY. The samples were resuspended in 19 Laemmli buffer and analyzed by SDS-PAGE and Western blotting using anti-CPY antibodies. Blots were stripped with stripping buffer and reprobed with antihexokinase I antibody to assess the level of protein loaded. Salt stress assay FM4-64-stained cells were treated either with YPD alone or YPD containing 0.4 M NaCl to induce hyperosmotic stress and analyzed microscopically at 15 and 60 min as previously described (LaGrassa & Ungermann, 2005) . 100-150 cells were scored from random fields for statistical analysis of vacuolar morphology (prominent, multilobed, and F-class vacuoles).
Statistical analysis
For vacuolar morphology studies, 100-150 cells were blind-scored from random fields in at least three separate experiments, and their mean values and standard deviation were calculated using EXCEL. P-values were calculated using standard Student's t-test. P-values < 0.05 were considered statistically significant.
Results
Env7 phosphorylation and localization in vivo
We have recently reported that tagged Env7 localizes to the vacuole at native levels and that it is an active kinase capable of autophosphorylation in vitro (Manandhar et al., 2013) . We recently raised polyclonal antibodies specific to Env7 which allowed us to probe the localization and phosphorylation of native Env7 in vivo. Env7 localized exclusively to the P13 fraction which is enriched for vacuoles, as did the vacuolar membrane marker alkaline phosphatase (ALP) (Fig. 1a) , while overexpressed Env7-HA distributed equally between P13 (vacuole) and P100 (Golgi and endosomes) fractions (Fig. 1b) as we have previously reported (Manandhar et al., 2013) . This difference in localization is consistent with that observed microscopically between endogenously expressed and galactose-induced GFP-tagged Env7 (Fig. 1c) . Vacuolar protein kinase genes ENV7 and YCK3 genetically interact in revision). A similar upshift was seen with native vacuolar Env7 (Fig. 2a) , and the upshifted Env7 was sensitive to phosphatase treatment (Fig. 2b) . Env7 phosphorylation upshift was not detected in yck3D background even when samples were overloaded (Fig. 2a) . We also assessed the localization of Env7 in yck3D background. For microscopic studies, N-and C-terminally GFPtagged Env7 were overexpressed from Gal-induced promoters in yck3D background. Our results show that localization patterns of overexpressed GFP-tagged Env7 were similar in WT and yck3D cells (Fig. 2c) . Subcellular fractionations of native Env7 also indicated Env7 localization to vacuolar-enriched fraction in WT and yck3D cells (Fig. 2d) . Thus, native Env7 localizes to vacuoles independent of Yck3, but its phosphorylation at the vacuole is Yck3 dependent.
env7Dyck3D double mutant exhibits severe fitness defects Env7 and Yck3 negatively regulate vacuolar fusion in a nonredundant fashion (Manandhar et al., 2013 ). Yet, no physical or digenic interactions between ENV7 and YCK3 have been reported in systematic yeast studies. In light of the YCK3-dependent phosphorylation of Env7 and as both are localized to and have similar functions at the vacuolar membrane, we hypothesized that they may function cooperatively. To test this hypothesis, we generated the double deletion mutant env7Dyck3D and assessed genetic interactions by assessing the fitness of the double mutant relative to wild type and single mutants env7D and yck3D. YCK3 gene was replaced with the LEU2 auxotrophic marker in env7D genetic background. As expected, the generated double mutant was defective in phosphorylation of the Yck3 substrate, Vps41 (data not presented). Wild-type, env7D, yck3D, and env7Dyck3D strains were streaked onto YPD plates and grown at 30 and 37°C. While the growth of single mutants, env7D and yck3D, was not significantly different from that of WT, the double mutant exhibited severely retarded growth at both temperatures, with a slightly stronger growth defect at 37°C (Fig. 3a) . The synthetic growth defect was rescued upon reintroduction of ENV7 gene on a single copy CEN vector (data not presented). We next assessed fitness more quantitatively under both rich and limited nutrient conditions by serially diluting cells on SM complete and YPD plates (Fig. 3b) . We observed that the severe fitness defect of env7Dyck3D was independent of the nutrient environment. As Env7 and Yck3 are involved in regulation of fusion/fission dynamics under hyperosmotic stress as well as during budding, we also assessed growth of the four strains under two different hyperosmotic stress conditions (0.4 M NaCl or 1 M sorbitol) in YPD, but did not observe increased or diminished growth defects for env7Dyck3D relative to that observed in YPD alone (Fig. 3b) .
env7Dyck3D double mutant exhibits aberrant cell size, bud vacuole percentage, and vacuolar morphology
To assess any changes in vacuolar morphology of the double mutant, we stained the cells with the vacuolar marker dye FM4-64, visualized them under fluorescence microscope, and scored for cell size, vacuolar morphology, budding cells, bud vacuoles ( Fig. 4a and  b ). All four cell strains had similar percentage of budding cells, but env7Dyck3D exhibited a drop of > 10% in buds with vacuoles, suggestive of vacuole inheritance defects. Double mutant cells were strikingly 50% larger but showed no increase in cell death as assessed by propidium iodide staining of active cultures (Fig. 4c) . Double mutant cells also exhibited a novel vacuolar morphology. The population of cells with prominent (Raymond et al., 1992) . We therefore used vps1 as a reference strain in these experiments. One of the characteristic features of vps (vacuolar protein sorting) mutants is their mislocalization and secretion of vacuolar carboxypeptidase Y (CPY) (Stevens et al., 1986; Raymond et al., 1992; Vida et al., 1993) . As the double mutant exhibited vacuolar morphology patterns similar to that of two vps mutants, we next probed whether env7Dyck3D exhibited any vps-like protein sorting defects. To address this question, we assessed intracellular and extracellular (secreted) levels of CPY by Western blotting (Fig. 4d) . While vps1D secreted CPY as expected, WT, env7D, yck3D, and env7Dyck3D did not, establishing that the single and double mutants are not vps mutants. The cytoplasmic marker protein hexokinase was immunoprobed as a loading control in these experiments. env7Dyck3D samples consistently had some hexokinase I in the extracellular fraction. This is suggestive of compromised plasma membrane integrity as cell wall integrity was not perturbed as assessed by growth on calcofluor white (data not shown).
env7Dyck3D double mutant remains defective in vacuolar fusion/fission dynamics under hyperosmotic stress WT as well as single mutants, yck3D and env7D, undergo initial vacuolar fragmentation in response to high salt stress (LaGrassa & Ungermann, 2005; Manandhar et al., 2013) . yck3D and env7D, however, are defective in maintaining vacuole fragmentation during continued salt stress, whereas vacuoles of wild-type cells remain multilobed. To assess the fusion/fission dynamics of the double mutant, we performed in vivo salt stress experiments as previously described (Manandhar et al., 2013) and analyzed its impact on vacuolar morphology. All strains tested exhibited two to threefold increases in multilobed vacuoles within 15 min of salt stress (Fig. 5a and b) . In the double mutant, the most drastic response to salt stress was a drop in the pool of F-class vacuoles (from about 15% to 2%). Upon prolonged salt stress of 60 min, while WT vacuoles remained mostly multilobed, vacuolar morphologies of yck3D, env7D, and env7Dyck3D were comparable to no-salt controls. Again, the double mutant was unique in the reemergence of the F-class pool of vacuoles. A time course study of salt stress in 5-min increments did not reveal additional information (results not shown).
Discussion
Regulated membrane flux is the hallmark of the endomembrane system and is responsible for the structural and functional equilibria maintained at each of its organelles. The lysosomal vacuole of yeast is a terminal depot within the endomembrane system and undergoes fusion/ fission in response to internal and environmental signals. As such, membrane fusion and fission have been extensively studied using S. cerevisiae vacuoles as a model. While the molecular machineries involved in membrane fusion and fission have been well dissected, the regulation of fusion/fission equilibria remains poorly understood.
Env7 and Yck3 are two protein kinases that localize to the vacuolar membrane and regulate vacuolar fusion/fission dynamics in a nonredundant fashion (LaGrassa & Ungermann, 2005; Manandhar et al., 2013) . While the cellular substrate(s) of the recently identified Env7 remain unknown, Yck3 has been shown to negatively regulate vacuolar fusion by phosphorylating the SNARE Vam3 and the HOPS component Vps41 (Brett et al., 2008; Cabrera et al., 2009; Cabrera & Ungermann, 2010) . Most recently, Yck3-dependent phosphorylation of HOPS complex has been implicated in conferring guanine nucleotide specificity of the vacuolar fusion Rab Ypt7p (Zick & Wickner, 2012) . This supports complex modulation of vacuolar fusion/fission equilibrium directly and indirectly through phosphorylation events. Here, we report that native Env7 localizes to a vacuole-enriched membrane fraction where its steady state pool includes both phosphorylated and nonphosphorylated Env7 species. In vivo phosphorylation of Env7 is dependent on the presence of YCK3, while its vacuolar localization is not. We also establish that ENV7 and YCK3 genetically interact in a negative fashion to regulate vacuolar morphology and global cell fitness. As ENV7 (YPL236C) was considered a hypothetical ORF until recently, it has been underrepresented in past genetic interaction studies; neither YCK3 nor ENV7 were query genes in the recent systematic digenic interaction analysis (Costanzo et al., 2011) . Hence, this is the first report of any genetic or molecular interaction between the two.
The current study does not establish the nature of YCK3 dependency of Env7 phosphorylation. HA-tagged Env7 is autophosphorylated and can phosphorylate exogenous substrates in vitro (Manandhar et al., 2013) . YCK3 dependence of Env7 phosphorylation in vivo may be due to direct phosphorylation by Yck3 or an indirect consequence of its physical or enzymatic presence or a combination of both. Our results indicate that neither env7D nor yck3D contain phosphorylated Env7, and both have a similar phenotypic defect in vacuolar fusion/fission under sustained hyperosmotic stress. Thus, Env7 fusion regulatory function during hyperosmotic stress appears to be dependent on its phosphorylation. Such interpretation would be consistent with the absence of major synthetic defects in hyperosmotic response in the double mutant both in the semi-quantitative growth assays and in vacuolar fusion assays.
env7Dyck3D double mutant, however, does exhibit several synthetic defects suggestive of additional cellular role (s) of Env7 that may not be dependent on its phosphorylation. These include endomembrane perturbations beyond the vacuole as the mutant cells are 1.5 times larger than wild type and appear to have compromised plasma membrane integrity. These defects may be directly or indirectly responsible for the observed compromised fitness. Most recently, increased cell size coupled with slow growth have been associated with alterations of 'critical cell size' at START which causes cells to enter cell division later and at a much larger cell volume (Dungrawala et al., 2012) . As env7Dyck3D shows no increase in dead cells, it is possible that its large size and slow growth are due to such a defect. Additionally, the double mutant consistently shows a significant increase in F-class vacuoles -large central vacuole surrounded by several smaller vacuoles. F-class vacuoles have only been confirmed for two other vacuolar morphology-related mutants -the two vacuolar protein sorting mutants vps1 and vps26 (Raymond et al., 1992) . Vps1 is a dynamin-like GTPase that regulates vacuolar structure and dynamics and is required for vesicle scission (Peters et al., 2004) . Vps26 is a conserved component of the retromer complex involved in budding and transport of vesicles in endosome-to-Golgi trafficking (Reddy & Seaman, 2001 ). Both proteins have been localized to multiple cellular locations including the vacuole. Thus, F-class vacuolar morphology may be an enhanced intermediate of both defective vesicle fusion and scission.
In the endomembrane system, membrane fusion/fission is central to both trafficking and organelle biogenesis beyond the vacuole. Mammalian Golgi bodies are organized into stacked cisternae and undergo regulated fusion/fission during cell cycle (for review see: (Shorter & Warren, 2002) . Once Golgi cisternae fragment in early mitosis, vesiculated Golgi fragments are inhibited from fusing by phosphorylation of several target proteins. Such negative regulation of fusion through phosphorylation events is analogous to the regulatory role of Env7 and Yck3 in vacuolar dynamics. Thus, endomembrane flux may be regulated by a conserved and buffered phosphorylation-dependent fusion inhibition mechanism. We are currently exploring the functional and physical interface between Env7 and Yck3. 
